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Abstract

Adsorption isotherms for hydrogen on single walled nanotubes (SWNTs) subjected to vari-

ous types of pretreatment have been measured by a tapered element oscillating mass analyzer.

Isotherms at room temperature over a range of pressures up to 48 bar have been measured. We

demonstrate that activation of the SWNT samples by mild oxidation in CO2, followed by heat

treatment in an inert atmosphere, increases the hydrogen adsorption capacity of the SWNT sam-

ples by about a factor of three at 48 bar. Computer simulations have been performed to model the

adsorption isotherms. Bundles of homogeneous (all the same diameter) and heterogeneous (com-

posed of a number of different diameters) nanotubes have been considered. Isotherms computed

using a standard graphitic potential for the nanotubes give remarkably good agreement with the

experimentally measured isotherms before activation with CO2. The effect of activation is modeled

by independently increasing the nanotube spacing and the solid-fluid interaction potential. We find

that nanotube spacing alone cannot account for the measured increase in adsorption capacity. In-

creasing the interaction potential gives isotherms that are qualitatively different from experiments,

while a combination of increased nanotube spacing and increased solid-fluid potential gives rough

agreement with experiments.
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I. INTRODUCTION

The unique porosity of single walled carbon nanotubes (SWNTs) has prompted consid-

erable interest in their gas adsorption properties. The present need for better materials for

hydrogen storage has led to much of the interest in this direction. Several reviews of this

rapidly growing area have appeared.1–3 Among the various reports are claims that significant

amounts of hydrogen are taken up by SWNTs. Claims of high values of hydrogen adsorption

have been made in reports of investigations at low temperature,4 room temperature5,6 and

even higher temperatures.7 In contrast, most theoretical calculations of hydrogen adsorption

have given to considerably lower estimates.8–18 These results may indicate that physisorption

on pure nanotubes may not be an effective method of storing hydrogen. Other experimen-

tal studies have found very limited uptake of hydrogen,19–21 in agreement with simulations.

However, variations in the experiments may be due to differences in the way the SWNT

samples were prepared or pretreated.

Chemical activation is one option for improving adsorption characteristics. Although

it has a long history of application in carbon chemistry, its potential for use with the re-

cently synthesized carbon nano-structures is just beginning to become evident.22,23 It has

been shown that Xe adsorption on SWNTs is dramatically affected by the pretreatment

procedure.24 Eklund and coworkers have shown that the hydrogen uptake on nanotubes at

low temperatures can be increased radically by activation of the nanotube samples.23

In the work described below, we have used a tapered element oscillating mass analyzer

(TEOM) to obtain isotherms for hydrogen adsorption on SWNTs at 25 ◦C over the range

of pressure from one to 48 bar. This instrumental method is based on measurement of the

weight change observed as a function of the applied hydrogen pressure in a flow-through

system. The application of this instrument to determine adsorption isotherms has been

recently demonstrated in the case of light alkanes (methane – butane) on silicalite.25 In

the work reported below, samples of SWNTs were used as-received and after various pre-

treatments. The most remarkable results were obtained using a simple activation procedure

based on partial oxidation using carbon dioxide at 600 ◦C. The adsorption of excess hydro-

gen increased markedly after SWNTs were activated by this procedure. Activated samples

were found to adsorb 1.2 wt% hydrogen at 48 bar and 25 ◦C. Details of the activation pro-

cedure are described in a recent paper.26 Characterization of the surfaces of the same raw
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and purified nanotubes as used in this work has been made by a pulse adsorption technique

using the TEOM.27

We also present molecular simulations as a means of identifying possible reasons for

the observed increase in adsorption in the samples that have been activated by CO2 oxi-

dation. Theoretical calculations of hydrogen adsorption on SWNTs have been performed

using various methods.8–18 With few exceptions, these studies indicate only modest uptake of

hydrogen at room temperature and moderate pressures. Ab initio simulations that indicate

the potential for higher uptake are subject to substantial error because the description of

the H2-nanotube interaction within the tight-binding or density functional approximations

is not expected to be accurate for physisorption.28–32

All of the theoretical studies performed so far have been carried out on SWNT samples

that are, by necessity, idealized in some ways. Some of the studies consider only single

isolated nanotubes. Other studies assume idealized nanotube bundles composed of perfect

hexagonal or square arrays of identical nanotubes, all of the same diameter and chirality.

In reality, experimentally produced SWNT bundles are composed of nanotubes of different

diameters and chiralities.33–37 While nanotubes pack into a hexagonal array, the packing is

not expected to be perfect because of the distribution of nanotube diameters in a bundle.

At least some nanotube samples have a significant number of defects that may contain

carbonyl or other oxygenated groups.38 Nanotube bundles are also not perfectly straight.

There is curvature over length scales of hundreds of nanometers, allowing nanotube bundles

to cross one another, leading to complex secondary structures. The external surfaces of the

SWNT bundles are also complicated by the presence of amorphous carbon and catalytic

metals. All of these factors make exact modeling of real SWNT bundles a very difficult

task. In addition, the exact form of the nanotube-hydrogen potential is unknown and could

only be computed accurately from very high-level electronic structure methods that include

electron correlation (e.g., coupled cluster or configuration interaction); such calculations are

impractical for SWNT because of the large number of atoms involved. It is also not known

exactly how the presence of defects changes the interaction potential. Activation processes,

such as the one used in this study to improve hydrogen uptake, further complicate the

description of the nanotube samples by adding unknown chemical and topological changes to

the underlying structure. Previous simulations have accounted for defects in an approximate

way by including point dipoles or point charges.39 Size heterogeneity in different bundles has
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been modeled by picking nanotube diameters randomly from a given size distribution.40 In

this study we examine the effect of the nanotube size distribution and packing on hydrogen

uptake. We also vary the nanotube-hydrogen interaction potential by artificially increasing

the potential well depth to mimic the effect of chemical activation.

II. EXPERIMENTAL METHODS

A block diagram of the apparatus including the TEOM Series 1500 Pulse Mass Analyzer

(Rupprecht and Patashnick Co.) is given in Fig. 1. The TEOM Series 1500 is a flow-through

microbalance that detects mass changes by an inertial system. It was initially used to study

coke deposition on zeolite catalysts,41 and has since found general application for following

mass changes in a variety of chemical systems including a recent study of the adsorption

isotherms of light hydrocarbons on zeolites.25 It employs a tapered glass element to measure

mass changes. The element consists of a hollow glass tube that leads the gas stream through a

cylindrical sample bed, diameter 4 mm, height 6 mm, located at its lower end. Samples were

packed into the bed between “Astro quartz” wool plugs and retained there by a ventilated,

gold-plated metal cap. Gas streams were controlled using a manifold that included mass

flow controllers and a back-pressure regulator. Instrument control and data recording were

managed through a PC. The control system allowed the programmed selection of the gases,

their flow rates, system pressure and temperature, and other functions. Two gas streams

were supplied to the instrument; one passes through the sample in the packed bed (reactive

gas) and the other sweeps the volume outside the sample bed (purge gas). The tapered-

element was enclosed within a heated stainless steel pressure vessel. The instrument is

capable of operating from ambient temperature to 700 ◦C and from ambient pressure to 48

bar. The combined flow of both gas streams is sampled at the exit port by a capillary tube

that serves as a transfer line to a quadrupole mass spectrometer.

The operating principle of the instrument is based on the relationship between changes in

the mass of the sample bed to changes in the frequency of oscillation of the tapered element.

The element is stimulated to vibrate at its natural frequency by a mechanical system. The

frequency of oscillation is measured by an optical system through two ports in the pressure
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vessel. Mass changes are determined by the following equation:

∆m =
k

1
f2
1

−
1
f2
2

, (1)

where f1 and f2 represent the frequencies observed at two different loadings, and k is an

empirically determined constant. The instrument was equilibrated at the isotherm temper-

ature and flow conditions in order to determine the value of k. The frequency of the empty

reactor was measured without the retaining cap in place, then the procedure was repeated

with the cap in place. The constant was calculated using the known mass of the cap.

The mass changes observed in the instrument as the pressure is varied result from both

changes in density of the free gas within the oscillating element and the change in the

amount of gas adsorbed by the sample. To obtain the isotherm of the excess adsorbed gas,

the amount due to the change in density of the free gas must be subtracted from the total.

The values due to the free gas density changes were obtained from experiments with the

reactor empty. In this case, the observed mass change increased in a nearly linear fashion

with pressure. Measurements were then taken with a sample in place under exactly the

same conditions. Isotherms were generated by subtracting the mass change found with the

empty reactor from the corresponding value found with the packed reactor for each step in

pressure. A correction was applied to the empty reactor data to account for the volume

occupied by the sample (see calculations below).

In a typical experiment, a sample of 30-50 mg was packed into the bed between 20-40 mg

of quartz wool used as plugs. The bed was flushed with dry helium or nitrogen, then heated

to 200 ◦C for at least two hours. After the signal from the mass spectrometer indicated

that the release of small amounts of water and oxygen was complete, the sample was cooled

to 25 ◦C and both reactant and purge gases were switched to hydrogen at a flow rate from

10-50 cc/min (SCCM). Hydrogen was used as both purge and reactant gas in all experiments

reported here to eliminate possible instrumental artifacts that may arise due to back-mixing

of a dissimilar purge gas into the packed bed.

The pressure program was only begun after all of the inert gas had been swept from

the reactor by hydrogen as indicated by the response of the mass spectrometer sampling

the exit stream. Then the pressure was taken from ambient to 48 bar in seven steps. It

was held constant for 10–20 minutes after each increment. At the end of the ascending

program the pressure was returned to ambient using 1.4 bar decrements to avoid expelling
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the sample from the bed. The entire program was then repeated several times. Note that in

these experiments, the origin of the pressure/mass change data is ambient pressure. Thus,

isotherms refer to the increment in hydrogen adsorption above that already taken up at one

atmosphere.

As noted above, a correction was applied to account for the portion of the free gas volume

in the packed bed that is occupied by the sample and quartz wool. The correction was made

by multiplying the mass changes for the empty reactor by the ratio of the free volume for the

packed to that of the empty reactor. The total free volume sensed by the oscillating element

was determined by applying the ideal gas law to the variation of the measured mass of the

empty reactor when the hydrogen pressure was increased from ambient to 48 bar. The error

in the specific volume from assuming ideal gas behavior at 48 bar and room temperature

is about 3%. The volume of the sample was calculated from the mass of carbon in the

sample and the theoretical density. The correction factor found using these values had a

relatively small effect on the calculated amount of adsorbed hydrogen because the measured

free volume of the reactor element is roughly an order of magnitude larger than the volume

occupied by the sample. The mass change assigned to excess hydrogen was expressed as

weight percent of gas adsorbed based on the total mass of carbon in the sample. The later

was determined by thermal gravimetric analysis (TGA). Atomic adsorption spectroscopy

was used to verify the identity of the residual catalytic metals recovered after the TGA

analysis.

The weight percent of excess H2 adsorbed is given by

wt% = 100
∆ms − Vcorr∆mE

fcmads −∆mads

, (2)

where ∆ms is the mass change for the packed bed after change to pressure Pi, Vcorr is the

volume correction factor (∼0.977) to account for the volume occupied by the sample, ∆mE

is the corresponding mass change in the empty reactor on reaching Pi, fc is the fraction

of SWNT sample that is carbon, mads is the mass of the SWNT sample, and ∆mads is the

weight lost after pyrolysis at either 200 or 700 ◦C.

The values used for each mass change were averages of from 80 to 160 data points taken

over the 10-20 minute interval after a plateau was reached following each pressure step.

Points in the isotherms are averages of 2-13 individual determinations of excess hydrogen

for each pressure. The most extensively measured sample was calculated from 7 cycles of
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pressure up and down made over 12 days. Data were taken from the 20 min plateaus at

each step of the seven programs up in pressure and the 10 min plateaus of six programs

down. The last depressurization failed and was not included. Sample standard deviations

for the average of the 13 values for each point in the isotherm were between 0.03 and 0.11

wt%, being smaller at lower pressures. No trends were apparent over time nor differences

noted for pressurizing or depressurizing sequences. One set of values for wt% H2 (reaching

1.54 wt% at 48 bar) was tested for rejection using updated values for Dixon’s Q test. The

resulting QEXP = 0.72 indicated rejection at the 99% confidence interval and this set was

therefore not incorporated in the isotherm in Fig. 6. The remaining set of 12 values for each

pressure has standard deviations (S) between 0.02-0.03 wt% for each point.

Nanotubes were purchased from Tubes@Rice in two grades. “Raw Material Grade” was

obtained as a solid, fibrous, mat. It was subjected to light grinding to make it easier to

load into the sample cell. Grinding was performed by agitation for 4-8 min. in a small

agate ball mill (Wiggle Bug, Brinkman Instruments). “Purified Grade” was purchased as a

suspension in toluene. Typically 10-15 mL of the suspension was withdrawn from the bulk

sample and evaporated in a stream of dry nitrogen at ambient temperature. When toluene

was no longer evident, the sample was further dried at 140 ◦C for up to a week. Activated

nanotubes were prepared by partial oxidation in a tube furnace held at 600 ◦C using a

stream of CO2 and argon at about a 50/50 ratio. Details are given in another paper.26 A

sample of activated carbon (G-32 H, 4 × 10 mesh, Süd Chemie Inc.) was used to compare

with the nanotube samples. The hydrogen, nitrogen, and carbon dioxide isotherms of this

sample have been determined independently at this laboratory by a volumetric technique.42

Hydrogen was “Extra Dry” grade (> 99.9%) from Matheson Tri-Gas. Helium and nitrogen

were Matheson Tri-Gas UHP grade. The gases were further dried by passage through a

Matheson Gas Purifier Cartridge Type 452 (4A molecular sieve).

III. SIMULATION METHODS

Adsorption isotherms were computed from grand canonical Monte Carlo (GCMC)

simulations.43 The Silvera-Goldman potential44 was used to describe the H2-H2 interactions.

This potential has been shown to be accurate for computing equilibrium bulk properties

over a very wide range of temperatures and pressures.45 The H2-nanotube interaction was
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taken as a pair-wise summation over H2-C interactions computed from the Crowell-Brown

potential.46 This type of potential has been shown to reproduce experimental H2-graphite

adsorption isotherms and isosteric heats at low temperatures.47 The solid-fluid potential used

in the simulations is actually an integrated potential form so that a single polynomial func-

tion was fitted to the H2-exohedral (outside) nanotube interactions and a second polynomial

was used for the H2-endohedral (inside) nanotube interactions. Thus, each type of nanotube

was described by two polynomial functions.9 We have constructed several different types of

SWNT bundles in order to study the effects of diameter heterogeneity and packing effects

on hydrogen uptake. We have constructed bundles by choosing nanotubes of various diame-

ters from a given diameter distribution to mimic experimental distributions.36 We have also

developed bundles based on an arbitrary diameter distribution for comparison with results

from the experimental distributions. The bundles were packed by placing the first nanotube

in the bundle at the center of the cell. The next nanotube was placed at a random position

far enough away so as to ensure no overlap with the existing nanotube. The nanotube was

then brought in a straight line toward the center of the box until the van der Waals (vdW)

gap between the first and second nanotubes achieved some pre-specified value. The vdW

gap is defined as the shortest distance between the walls of adjacent nanotubes, as measured

from atom-center to atom-center. Subsequent nanotubes were added in a similar fashion to

the second, except that the tube is brought in until its vdW gap with any other tube in the

bundle reaches the specified value. The simulation box is a rectangular parallelepiped with

a height (z-direction) of 34 Å and equal x and y dimensions. Periodic boundary conditions

were applied in all three directions. The x and y dimensions were large enough to elimi-

nate nearest neighbor interactions with tubes or hydrogen in the periodic images in order

to mimic isolated SWNT bundles. Typical values of the width of the simulations box were

between 100 Å and 250 Å, depending on the size of the bundle. A sample nanotube bundle

is shown in Fig. 3. The bundle contains 45 nanotubes and corresponds to bundle type a in

Table I.

Typical GCMC moves43 were attempted randomly with probabilities of 0.4 for displace-

ments and 0.3 each for creation and deletion. The systems were first equilibrated for 5×106

steps, followed by 107 steps for data collection. Adsorption isotherms were computed for

five different classes of nanotube bundles shown in Table I. The bundles contain from 20 to

100 nanotubes. Samples a – c are constructed to mimic two different diameter distributions
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observed in the experiment.36 Samples d and e were constructed from an arbitrary diameter

distribution. Samples b and c have almost the same diameter distribution. Sample c con-

tains half as many nanotubes as sample b. Samples d and e have exactly the same diameter

distribution, with sample e having 2.5 times as many nanotubes as sample b.

From two to ten different realizations of each bundle were constructed by starting the

construction procedure outlined above with different random number seeds. Adsorption

isotherms were computed for each of the realizations and the averages were reported. The

differences in adsorption on different bundle realizations for a specified diameter distribution

were typically on the order of the uncertainties in the simulations. To be consistent with

the experiment, the excess adsorption is calculated as

wt% = 100
(NH2,P −N

rep
H2,P )− (NH2,1 −N

rep
H2,1)

6NC

, (3)

where NH2,P is the number of adsorbed H2 molecules in the simulation cell at pressure P ,

N
rep
H2,P is the number of H2 molecules at pressure P in the cell when the attractive part of

the potential between H2 and nanotube is turned off, NH2,1 and N
rep
H2,1 are the corresponding

values at the reference pressure, i.e., 1 atm, NC is the number of carbon atoms in the

simulation cell. The excess adsorption defined in Eq. (3) is directly comparable to those

from the experiments defined in Eq. (2). Note that this definition of the excess adsorption

is different from that typically used because of the reference to one atmosphere rather than

to vacuum.

IV. RESULTS AND DISCUSSION

Figure 2 contains the mass data used as a basis for the hydrogen isotherms described

below. Curve A is the record of the mass changes for the packed reactor, and curve B is that

for the empty reactor. Both mass curves closely follow the pressure curves (not shown). The

initial spike found at the leading edge of each pressure step is due to an overrun of the set

point by the back-pressure regulator. The mass change curve for the packed reactor reaches

a new plateau after each pressure change and remains constant. This behavior is consistent

with a physisorption process without a significant kinetic barrier. Separate experiments

were made to test whether slow adsorption might take place over time scales much longer

than the 20 min intervals used here. No measurable mass changes were found even when
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the initially formed plateau was extended for 28 hours at 48 bar. A very similar pattern was

found for the depressurization data. These results for the kinetics of hydrogen adsorption

and those reported on a different set of SWNTs of somewhat larger diameter5 are distinctly

different. In the later case, six hours was required for the pressure to equilibrate during

the volumetric measurement made at room temperature, indicative of a significant kinetic

barrier. No such barrier was found in any of the adsorption results given here.

The adsorption isotherm for hydrogen on an activated carbon is given in Fig. 4 curve A.

The isotherm is nearly linear up to the limit of pressure for these measurements, reaching

a value of 0.66 wt% at 48 bar. Isotherms for hydrogen and other gases up to about 19

bar have recently been determined by a volumetric technique on this same lot of activated

carbon.42 Comparison of the two sets of data reveals the value measured volumetrically at

room temperature and 14 bar is 1.2 moles/kg, while the corresponding point from the TEOM

at 25 ◦C is 1.04 moles/kg. There is reasonable agreement between the values obtained by

the two different techniques. Note that the TEOM and volumetric methods have different

reference points. The TEOM technique measures the increment in hydrogen adsorbed above

1 atmosphere [see Eq. (2)], while the volumetric technique begins the measurement of excess

adsorption after the sample chamber has been evacuated. Given that the amount adsorbed

at 1 atm is only about 0.01 wt%, the observed differences between the TEOM and the

volumetric method cannot be attributed to the difference in reference points.

Two isotherms for a sample of “Raw Material” SWNTs from Rice are also shown in

Fig 4. Curve B was taken after the sample had been heated in situ to 200 ◦C under a flow

of helium, then cooled before the isotherm experiment was begun. Curve C was obtained

in a subsequent experiment after the sample had been heated in a similar manner but to

700 ◦C. Pyrolysis at 700 ◦C reduced the affinity of the sample for hydrogen by a significant

amount. (The apparently anomalous value at 41 bar for curve C was due to the influence

of one of only two values determined under these conditions for this sample.)

Evidence that the pyrolysis of the raw material resulted in considerable loss of functional

groups was provided by the in-line mass spectrometer used to monitor the exit gases through-

out the course of heating to 700 ◦C. Hydrogen, methane, and carbon oxides were detected

as the temperature increased. After the sample had returned to 25 ◦C, the TEOM measured

a weight loss of 13.2 mg, or 23.2% of the sample weight. Data in Fig. 4 are based on total

mass of non-metals and have been corrected for loss of mass to allow direct comparison of
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the samples.

In comparison to the sample of activated carbon (curve A), the “Raw Material” nanotube

samples have at best roughly one half the storage capacity under the same pressure. Again,

the saturation loading of either the fresh or the pyrolyzed samples has not been reached at

the highest pressure used here, although curve B seems to show some curvature not apparent

in curve A.

Adsorption isotherms on “Purified” nanotubes obtained from Tubes@Rice are shown

in Fig. 5. These tubes have undergone oxidation by reflux in 2.6 M nitric acid for 12

hours.36 The oxidation is reported to selectively remove amorphous carbon, leaving behind a

greater proportion of nanotubes in the sample.36 The samples were represented as containing

greater than 90% SWNT. The relative amount of the residual metal catalyst left in the

sample increases as well. Presumably an overlay of graphitic carbon protects these particles

from removal by oxidation. The metal content of the sample used here was determined

by complete combustion using TGA in combination with atomic adsorption spectroscopy

of residual oxides. The metals content was 8.8 wt% and the spectroscopy confirmed the

presence of nickel and cobalt. The isotherms given in Fig. 5 were normalized on the basis

of total carbon content to obtain a more useful comparison, but were not adjusted for the

fraction purported to be SWNT.

Isotherms A and B in Fig. 5 were taken sequentially using the same protocol as employed

for raw material above. To a first approximation, the amounts of hydrogen adsorbed by

the purified nanotubes and the raw material are similar. This result is contrary to the

simple expectation that the purified material should adsorb a greater amount of hydrogen

per sample weight because of its higher nanotube content. Heating to 700 ◦C in flowing He

led to a modest increase in hydrogen adsorption as shown by comparing curves A and B.

Perhaps it is more significant that the slope over this nearly linear region of the isotherm

has increased after pyrolysis. Thus, the difference between the two may well increase at

hydrogen pressures above those used here.

The mass spectra of the gases produced during pyrolysis were similar to those seen with

the raw material and consistent with the loss of carboxyl and other oxygen containing

functionalities. The mass loss following pyrolysis was 12.7% and may be compared with the

value of 23.2 wt% found with the raw material. The functional groups responsible for this

weight loss were likely introduced during the oxidative purification with nitric acid. Further
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evidence of their connection to the adsorption properties of the SWNTs was provided by a

separate experiment in which another sample was carried through five cycles of pyrolysis at

700 ◦C over several days. The isotherms found before and after the first pyrolysis are nearly

identical to A and B given in Fig. 5. However, repetition of the initial pyrolysis had little

further effect on the storage capacity or the slope of the isotherms. The relative amounts

of the products from pyrolysis detected by the mass spectrometer were much reduced after

the first cycle. Thus, the sample is chemically stable to 700 ◦C after the first pyrolysis cycle

and no evidence for further annealing of the physical structure is found in the isotherms.

As mentioned in the Experimental section, these nanotube samples are difficult to pack

into a small bed because their fibrous nature resists compaction. A mild mechanical milling

procedure renders them much more amenable to packing. To determine whether this pro-

cedure has an effect on the adsorption properties, the sample was removed after isotherm B

in Fig. 5 was completed, milled by agitation in a small ball mill, and repacked in the bed.

Milling the sample in air in this way decreased its adsorption capacity slightly (curve C).

This loss was mostly restored (curve D) when the sample was again pyrolyzed, this time

in flowing H2. Thus, the effects seem more related to the oxidative consequences of milling

in air rather than the milling itself. Mild ball milling in air introduces oxygen containing

functional groups into the nanotubes as evident from the evolution of CO and CO2 observed

in the mass spectrum on heating to 700 ◦C. In view of the small change, the issue was not

pursued further.

Activation of the nanotube samples took place in two steps. The first step was conducted

by partial oxidation of a roughly 200 mg sample of nanotubes in a tube furnace under a

stream of CO2 at about 600 ◦C. Burn out during the initial oxidative procedure removed

about 37 wt% of the purified nanotube sample. In the case of the raw material, about

21% of the weight was removed during CO2 oxidation. TEM images taken before and after

the reaction with CO2 show that in the case of the purified grade material the rope-like

structures are left intact.26 It is unexpected that a larger fraction of the purified sample

would oxidize in the CO2 treatment than for the raw material. This may be a result of the

damage done to the nanotubes during the purification procedure.48

A marked improvement in the amount of hydrogen adsorbed was obtained for both the

raw material and the purified tubes (Fig. 6, curves A and C) after the first step. The amount

adsorbed at 48 bar has increased from 0.29 to 0.89 wt% for the raw material and from 0.23
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to 0.64 wt% for the purified material. The second step of activation was accomplished in the

TEOM by heating the oxidized tubes to 700 ◦C in a flow of He or H2. This induced further

weight loss. For example, the oxidized raw material lost an additional 20% when pyrolyzed

under H2 at 700 ◦C. The pyrolysis lead to a further increase in hydrogen adsorption. The

cumulative effect of the two steps is a significant increase in hydrogen storage capacity

(Fig. 6, curves B and D). Values of 1.16 wt% (“Purified”) and 1.2 wt% (“Raw Material”)

were reached at 48 bar.

The data in hand do not permit an assignment of hydrogen adsorption capacity to partic-

ular fractions of carbon such as those identified by TGA for example. Thus, if the material

removed by CO2 oxidation had been relatively inert toward hydrogen adsorption the re-

maining material would show a corresponding increase in percent adsorption. Removal of

this dilution effect could account for increases of 16% for the raw material and 59% for the

purified material, but that is far short of the more than three-fold increase actually found.

Instead, the large magnitude of the increase points toward a form of chemical activation.

It is reasonable to assume that this activation for adsorption may occur by opening the

internal surfaces of tubular structures by oxidative destruction of part of the tube wall. In

fact, evidence has been presented for thinning and opening of multi-walled tubes by partial

oxidation with CO2 at 850 ◦C, a somewhat higher temperature than used here.22 The po-

tential benefit created by removing tube end-caps and thus enhancing gas storage properties

through the use of this method has been claimed in a patent, although no adsorption data

were given.49 Another study has demonstrated that opening the sidewalls of SWNTs by a

combined cycle of oxidation and pyrolysis enhances the kinetics of xenon adsorption.39 In

this case, oxidation was accomplished with ozone, and the pyrolytic removal of the carboxylic

groups so created was performed at the same temperature as used here, 700 ◦C. The maxi-

mum in the observed rate of xenon adsorption was found after a considerable percentage of

the carbon had been etched away.

Parallels exist with the result reported here. The activation by CO2 is likewise an oxi-

dation. Because it is carried out at 600 ◦C it is simultaneously a pyrolysis, thus combining

oxidation/pyrolysis cycle in one step. It also removes a considerable fraction of the carbon

in the sample. The adsorption isotherms measure a thermodynamic property and we are

unable to detect evidence for kinetic limitations in any case. However, TPD experiments

described in the xenon adsorption work show that the majority of the sites that are more ac-
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cessible after oxidation also desorb xenon at higher temperatures, implying deeper potential

wells.39 On the other hand, comparison of our data with computer simulation results (see

below) indicate that in this case the increase in adsorption cannot be ascribed to opening

of entry ports to the nanotubes alone.

It should be noted that pyrolysis of purified tubes results in a modest increase in hydrogen

storage (Fig. 5), but in the case of “Raw Material” SWNTs it results in a decrease of smaller

magnitude (Fig. 4). This result is puzzling, but we note that in the first case an oxidation

using nitric acid was done to generate purified material before the pyrolysis was carried out.

In the later case, pyrolysis was applied without prior oxidation. Annealing of the rope-like

structures of nanotubes at elevated temperatures has been reported and must be considered

as another potential side effect of pyrolysis. Annealing may reduce the amount of interstitial

volume in bundles of the raw material. The differences seen in Fig. 4 are rather small, and

would be in concert with the expectation that the relative amount of hydrogen taken up

in the interstitial spaces is a small part of the total. Thus, the contradictory trends in

adsorption may be the result of the dominance of an annealing effect in the case of raw

nanotubes and the opening of additional porosity in the case of the purified nanotubes.

V. SIMULATION RESULTS

We have computed H2 adsorption isotherms on each of the nanotube bundles listed in Ta-

ble I. The isotherms on the different bundles are in quantitative agreement with one another.

This is an important result because it indicates that the simulation results are not strongly

dependent on the details of the bundle geometry or even the nanotube size distribution

within the bundle. This insensitivity to the details of the geometry was unexpected.

The excess adsorption isotherms are plotted in Fig. 7. Results from simulations on bundle

samples b, c, and e from Table I are plotted along with experimental data for purified

nanotubes before being subjected to CO2 oxidation (curve B from Fig. 5). Adsorption

isotherms from simulations on other bundles are very similar and are not shown for the sake

of clarity. The agreement between the simulation and experimental isotherms is striking.

Assuming that the solid-fluid interaction potential is accurate, the remarkable agreement

between simulations and experiments indicates that the samples before CO2 oxidation can

be considered to be mainly composed of nanotube bundles (once the weight of the metal
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has been subtracted) and that amorphous carbon present in the sample and pore blocking

functional groups do not severely inhibit hydrogen adsorption. On the other hand, it could

be that the assumed H2-nanotube interaction potential is too weak and that the adsorption

is attenuated in the experiment due to pore blocking or unopened nanotubes to a degree

that gives fortuitous agreement with simulations. Given the insensitivity of the computed

adsorption isotherms to the bundle size and nanotube diameter distribution, we cannot

deduce anything about the experimental nanotube bundle geometry from the agreement

between the simulations and experiments.

We next examine the possible causes for the dramatic increase in adsorption observed

after CO2 oxidation and subsequent heat treatment. We hypothesize that the increase in

adsorption capacity may be due to an enhancement of the solid-fluid potential (perhaps as a

result of the introduction of polar functional groups), or due to an increase in the available

volume, or to a combination of these. We test this hypothesis by arbitrarily increasing

the gap between the nanotubes, or increasing the strength of the solid-fluid potential, or a

combination of both increasing the gap and the strength of the interaction potential. The

optimal vdW gap for a perfect SWNT array is about 6.4 Å for maximizing the excess volume

adsorbed at moderate pressures.9 This is double the experimentally measured gap in as-

produced nanotube bundles. Our simulations (not shown) indicate that increasing the vdW

gap alone is not sufficient to reproduce the magnitude of the increase in adsorption observed

after CO2 oxidation and subsequent heat treatment of the nanotube samples. The solid-

fluid potential Vsf was increased by simply multiplying the potential by an arbitrary factor.

Thus, 1.5Vsf means that the potential has been increased by 50%. Isotherms computed

from bundles with various values of the vdW gap and Vsf multipliers are shown in Fig. 8.

The experimental data for H2 adsorption on the CO2 oxidized and heat treated purified

nanotubes (sample D from Fig. 6) are plotted as circles in Fig. 8. Simulations show that

increasing the interaction potential while holding the vdW gap fixed at 3.2 Å produces a

curve that is substantially concave downward and hence cannot match both the low and

high pressure regions of the experimental data, which are approximately linear in pressure.

This indicates that the mechanism for increasing the adsorption in experiments cannot be

described by a simple increase in the solid-fluid potential. An adsorption isotherm on a

bundle with a vdW gap of 6.4 Å and a potential of 1.3 Vsf is represented by the up triangles

in Fig. 8. These simulation data agree well with the experiments at low pressures but under-
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predict the amount adsorbed at high pressures. If a potential of 1.5Vsf is used with a gap

of 6.4 Å (down triangles) then the simulations and experiments agree at high pressure but

not at low pressure. If we increase the vdW gap further the curvature of the simulation

data becomes less. The simulations for a vdW gap of 12 Å and 1.5 Vsf are shown as stars

in Fig. 8. This value of the vdW gap is unrealistically large and yet still gives an isotherm

that is slightly concave downward. This indicates that no physically reasonable values of the

vdW gap and interaction potential can be found that can accurately reproduce the shape

of the experimental isotherms observed on samples that have been oxidized with CO2. The

simulated isotherms are all curved and tend to approach a plateau region at higher pressures,

while the experimental isotherms are all approximately linear or concave upward in coverage

at all pressures studied. However, reasonable qualitative agreement between experiments

and simulations is achieved for 1.5 Vsf and a vdW of 12 Å. All of the isotherms shown

in Fig. 8 were computed from nanotube bundles of type a from Table I. Calculations for

nanotube bundles from sample b are similar to those shown for sample a and are not shown

for clarity.

VI. CONCLUSIONS

The hydrogen adsorption properties of SWNTs have been investigated using a TEOM

to determine mass changes on exposure of the samples of up to 48 bar pressure. The

rates of adsorption and desorption are apparently fast and indicative of physisorption. The

isotherms are still ascending at the upper pressure limit of the instrument and it is clear

that the saturation loading of these materials is not defined by these experiments. The

raw and purified SWNTs samples do not adsorb as much hydrogen as a typical sample of

activated carbon under similar conditions. Most importantly, we have shown that a simple,

controlled oxidation with CO2 activates SWNTs for adsorption of hydrogen. A roughly

three-fold increase in the amount of hydrogen adsorbed is observed at the highest pressures.

Up to 1.2 wt% hydrogen was observed in the best case. Molecular simulations have been

performed to compute the adsorption isotherms of hydrogen on finite size nanotube bundles

that are composed of nanotubes of various diameters. The size of the bundles studied

ranged from 20 to 100 tubes drawn from three different diameter distributions. Adsorption

isotherms from simulations on the various bundles are all in relatively good agreement with
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one another. The amount of hydrogen adsorbed at these conditions does not appear to

be a strong function of the size of the bundle or the diameter distribution for the samples

studied here. Remarkably good agreement is seen between the simulations and experimental

isotherms on nanotube samples before activation. This implies that the solid-fluid potential

for the nanotubes before activation is fairly accurate and that the endohedral sites are

available for adsorption on these samples. It is also possible that the agreement between

simulations and experiments is fortuitous and that the unactivated samples do not adsorb

H2 inside the nanotubes, although this scenario seems unlikely. Adsorption isotherms on

nanotube bundles with larger free volumes and stronger solid-fluid attractive potentials

were computed to evaluate if these factors could explain the observed increase in H2 uptake

capacity after activation. It was found that a bundle with a vdW gap of 12 Å and a potential

increased by 50% agrees fairly well with the experimental data, although the shape of the

simulated and experimental isotherms differs. Given that the size of the vdW gap and the

increase in the potential are both too large to be physically reasonable we conclude that the

increase in adsorption upon activation is not solely due to increased free volume and solid-

fluid potential enhancement. Hence, standard physisorption potentials do not adequately

describe the activated nanotube samples. However, chemisorption cannot make a significant

contribution to the experimental isotherms because the process is completely reversible and

adsorption and desorption kinetics are too fast to be described by chemisorption.

This work shows that activation of SWNT samples can profoundly impact the adsorp-

tion of H2. Understanding the process will ultimately help optimize the activation, further

enhancing the adsorption capacity.
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TABLE I: Classes of nanotube bundles studied in the molecular simulations in this work.

Bundle ID Num. of tubes (8,8) (9,9) (10,10) (11,11) (12,12) Average diameter (Å)

a 45 10 25 5 5 0 12.35

b 100 6 29 35 28 2 13.44

c 50 3 14 18 14 1 13.45

d 20 0 4 14 2 0 13.42

e 50 0 10 35 5 0 13.42
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FIG. 1: Block diagram of the Rupprecht and Patashnick TEOM 1500 and associated hardware.
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FIG. 2: Mass versus time as the H2 pressure increases in steps of about 7 bar from one to 48 bar.

Curve A is a 29 mg sample of purified Rice nanotubes after CO2 oxidation and B is for the empty

reactor.
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FIG. 3: Sample nanotube bundle used in the molecular simulation. This bundle contains 45 nan-

otubes with diameters drawn randomly from a distribution similar to that observed in experiments

(sample a in Table I).
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FIG. 4: Hydrogen isotherms for activated carbon (A) and “Raw Material” as-produced Rice nan-

otubes after treatment at 200 ◦C (B) and 700 ◦C (C) in flowing helium. The lines are drawn to

guide the eye.
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FIG. 5: Comparison of adsorption isotherms of hydrogen on “Purified” Rice tubes: Sample A was

heated at 200 ◦C in He. Sample B is sample A heated at 700 ◦C in He. Sample C is sample B after

removal and milling in air. Sample D is sample C treated at 700 ◦C in H2. The lines are drawn to

guide the eye.
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FIG. 6: Adsorption isotherms for hydrogen on “Raw Material” Rice SWNTs after CO2 oxidation

(sample A). Sample B is derived from A after heating at 700 ◦C in H2. Sample C consists of

“Purified” Rice nanotubes after CO2 Oxidation. Sample D is the purified sample after heating at

700 ◦C in He. The lines are drawn to guide the eye.
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FIG. 7: Adsorption isotherms computed from simulations for several of the bundles listed in Table I.

The experimental data for a sample of purified nanotubes heat treated to 700 ◦C, (sample B from

Figure 5) are shown for comparison. The lines are drawn to guide the eye.
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FIG. 8: Adsorption isotherms computed from simulations with increased gap spacing and enhanced

solid-fluid attractive potentials. All the simulations are for bundles containing 45 nanotubes with

a diameter distribution given by sample a, from Table I. Experimental data from Figure 6 sample

D, the CO2 oxidized and heat treated sample, are shown as circles. The up triangles denote the

results for a bundle with the vdW gap increased to 6.4 Å and the solid-fluid potential increased by

30%. The down triangles represent data for a bundle with a vdW gap of 6.4 Å and the potential

increased by 50%. The stars are for a vdW gap of 12 Å and a potential increased by 50%. The

lines are drawn to guide the eye.
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